The eventual goal of high-voltage direct-voltage (HVDC) systems is to implement HVDC grids. The modular multilevel converter (MMC) has been identified as the best candidate for the realization of an HVDC grid by eliminating the shortcomings of conventional voltage source converter (VSC) technology. The related research has focused on efficient control schemes, new MMC topologies, and operational characteristics of an MMC in a DC grid, but there is little understanding about the fault handling capability of two mainstream MMC topologies, i.e., half bridge (HB) and full bridge (FB) MMCs in combination with an adequate protection device. Contrary to the existing research where the fault location is usually fixed (center of the line), this paper considered a variable fault location on the DC line, so as to compare the fault interruption time and maximum fault current magnitude. From the point of view of fault interruption, AC and DC side transient analyses were performed for both MMC topologies to suggest the appropriate topology. The simulation result confirmed that the fault handling performance of an HB-MMC with a DC circuit breaker is superior due to the smaller fault current magnitude, faster interruption time, lower overvoltage magnitude, and lesser stresses on the insulation of the DC grid.
Introduction
Implementing DC grids having enhanced controllability and lower energy losses could be a solution for integrating renewable energy sources that have an inherently intermittent nature. In particular, voltage source converter (VSC) technology has been identified as the best candidate for realizing DC grids due to its ability to control the AC voltage magnitude, phase angle, and output frequency. With the application of pulse width modulation (PWM) control, VSCs can offer higher response time and lower harmonic content [1] [2] [3] . However, due to the absence of current zero and high di/dt resulting from DC faults, fault handling is a serious issue faced by DC transmission lines and its solution is urgently required to further the implementation of DC grids [4, 5] .
Recently, modular multilevel converters (MMCs) have eliminated the shortcomings of conventional VSC topologies. With the use of a modular structure, it has been possible to achieve very high levels of voltage, which are desirable for bulk power transmission [6, 7] . As for MMCs, the efficient control schemes and operational characteristics of MMCs in a DC grid have been a subject of interest in academia and industry, and many solutions have been presented [8] [9] [10] . However, DC fault and its effective handling have been identified as one of the most serious challenges in the implementation of VSC-type DC transmission systems [11, 12] . The impact of DC fault location on fault interruption time and maximum fault current magnitude has not been considered previously [13, 14] . The search for the best MMC topology, control schemes, protection devices, and the combination of all or some of these factors, considering the nature of the DC fault, is the subject of this paper.
A half bridge (HB) MMC necessarily requires a DC breaker because of its lack of DC fault blocking capability. Therefore, a hybrid circuit breaker (HCB), which can cope with the expected rapid rise of the fault current in an HVDC grid, was used in conjunction with an HB-MMC transmission line [15, 16] . This combination is referred to as Case-1 in the rest of the paper.
On the contrary, the reverse voltage phenomenon in a full bridge (FB) MMC can limit the fault effectively within a few milliseconds. Therefore, a DC circuit breaker (DCCB) is not required. A residual circuit breaker (RCB) or an ultra-fast disconnector is used to completely remove the residual fault current and isolate the fault. This combination is referred to as Case-2 in the following sections of the paper [17] .
In this paper, the fault handling performance of two mainstream MMC topologies, including HBand FB-MMCs in combination with the DC side circuit breaker, were investigated. Contrary to the existing research, in which the fault location is usually fixed (center of the line), this paper considered a variable fault location on the DC line, so as to compare the fault interruption time and maximum fault current magnitude. Since a power system must bear the current and the voltage stress during fault occurrence and recovery, the current and voltage transients on the AC and DC sides of the power system were thoroughly analyzed.
This paper is organized as follows. The operation characteristics of the MMC and simulation model are explained in Sections 2 and 3. The interruption performance of the HB-and FB-MMC DC grids is presented in Section 4. The transient performance of the system in DC faults is presented in Section 5. The strengths and weaknesses of the two cases and the suitable MMC grid topology from the point of view of fault handling performance are proposed. The conclusion is presented in Section 6.
The Operation Characteristics of an MMC System

DC Fault Analysis of an MMC Before Blocking
The equivalent circuit representation of an MMC composed of an HB or FB configuration prior to the fault detection is shown in Figure 1 . In this period, the DC fault current i z has not yet reached the fault detection limit. Considering KVL, the upper loop can be written as: 
Equation (6) is valid for all the phases. Adding Equation (6) for each phase, we obtain:
For an MMC at any instant of time, N number of submodules are switched on, where N is the number of submodule (SM) per arm. Therefore, it can be written that:
According to Reference [18] , at this point in time all the capacitors are parallel and the DC current can be expressed as:
where Csm is the capacitance of each individual SM. Substituting Equation (9) into Equation (7) will give:
Equation (10) provides the equation of the DC current iz. This equation will be valid until iz reaches the limit [19] . 
DC Fault Analysis of an MMC after Blocking
In an HB-MMC, as soon as a fault is detected, the IGBTs are blocked for their protection, but the anti-parallel freewheeling diodes still provide a path for the AC current to the DC line, thus The lower loop for each phase can be represented by:
Also applying KCL, in each node we obtain:
Subtracting Equation (2) from (1) yields:
where C sm is the capacitance of each individual SM. Substituting Equation (9) into Equation (7) will give:
Equation (10) provides the equation of the DC current i z . This equation will be valid until i z reaches the limit [19] .
In an HB-MMC, as soon as a fault is detected, the IGBTs are blocked for their protection, but the anti-parallel freewheeling diodes still provide a path for the AC current to the DC line, thus feeding the fault. Therefore, DCCB is essentially required to block the fault current.
An FB-MMC system has the capability of suppressing the fault current. Initially, a current surge is allowed to flow through the IGBTs and feed the DC fault. However, as soon as the IGBTs are blocked, there is only one available current path through the series and reverse-connected DC capacitors of the submodules.
After the IGBTs are blocked, the fault current passes through the freewheeling diodes. In the process, the capacitors of FB submodules develop opposite polarity compared to the fault current during the DC fault. The complete blocking of the DC fault current takes place when the total voltage of each submodule capacitor becomes higher than the maximum peak line-to-line AC voltage, as shown in Equation (11) . As a result, the fault current can be limited and a DC breaker with a low current rating can be used to isolate the faulty transmission line.
where V arm,a and V arm,b represent the arm voltages which are stacked at each arm through the fault path. The operation of FB-and HB-MMCs under DC side faults have been extensively covered in References [10, 19, 20] .
Simulation Model
Test Bed Model
To compare the fault handling performance between HB-and FB-MMCs, a test bed was modeled in Matlab/Simulink, as shown in Figure 2 . A bipolar point-to-point HVDC link was modeled using 40-level HB-and FB-MMCs. In the steady state, the MMC was operated with constant active and reactive power control. The reference voltage of the DC link was set at 80 kV, and the length of the transmission line was 100 km. The pole-to-pole fault was generated at 0.2 s. voltage of each submodule capacitor becomes higher than the maximum peak line-to-line AC voltage, as shown in Equation (11) . As a result, the fault current can be limited and a DC breaker with a low current rating can be used to isolate the faulty transmission line.
where Varm,a and Varm,b represent the arm voltages which are stacked at each arm through the fault path.
The operation of FB-and HB-MMCs under DC side faults have been extensively covered in References [10, 19, 20] .
Simulation Model
Test Bed Model
To compare the fault handling performance between HB-and FB-MMCs, a test bed was modeled in Matlab/Simulink, as shown in Figure 2 . A bipolar point-to-point HVDC link was modeled using 40-level HB-and FB-MMCs. In the steady state, the MMC was operated with constant active and reactive power control. The reference voltage of the DC link was set at 80 kV, and the length of the transmission line was 100 km. The pole-to-pole fault was generated at 0.2 s. Table 1 presents a summary of the HVDC system parameters. After the occurrence of the DC fault, the main controller trips the HB and FB converters within 500 microseconds to protect the converter. By performing this process, the DC fault contribution from the submodule capacitor can be prevented in HB-MMCs. The configuration of submodules in FB-MMCs does not allow the discharge of the DC side capacitor. The pole-to-pole DC fault is introduced at a variable distance from the rectifier. Table 1 presents a summary of the HVDC system parameters. After the occurrence of the DC fault, the main controller trips the HB and FB converters within 500 microseconds to protect the converter. By performing this process, the DC fault contribution from the submodule capacitor can be prevented in HB-MMCs. The configuration of submodules in FB-MMCs does not allow the discharge of the DC side capacitor. 
Comparison of System Operating Characteristics and Necessary Components by Case Types
The converter operation of HB-and FB-MMCs, after the fault detection, is shown in Figure 3 . In the case of the HB-MMC, even if the IGBT is blocked, the converter continues to feed fault due to the presence of the freewheeling diode, so a DCCB is required to break the fault current. Due to the large fault current magnitude and its steep slope, a reactor is added in series with the DC line to limit the maximum stress on DCCB and assist its fault interruption operation. In the absence of a large reactor, DCCB is unable to perform fault interruption.
fault current magnitude and its steep slope, a reactor is added in series with the DC line to limit the maximum stress on DCCB and assist its fault interruption operation. In the absence of a large reactor, DCCB is unable to perform fault interruption.
In the case of the FB-MMC, all IGBTs are blocked in the same way as the HB-MMC, but a reverse voltage is generated in the fault current path, so it is possible to cut off the current of the AC source by the converter itself. Therefore, when the natural zero point is generated through the converter blocking process, the DC fault is completely isolated through the RCB. Therefore, the FB-MMC system does not require a DCCB. As a result, a large limiting reactor is not necessarily required. The benefit of a limiting reactor, considering to its cost and size, is minimal. However, if the reactor is considered, the peak value of fault current will be reduced and time to reach the peak will increase. Due to its limited advantage, the limiting reactor can be left off in FB-MMC-based DC grids [21] .
The operation characteristics of the two types of systems and the need for a current-limiting reactor are reflected in the simulation. In the case of the FB-MMC, all IGBTs are blocked in the same way as the HB-MMC, but a reverse voltage is generated in the fault current path, so it is possible to cut off the current of the AC source by the converter itself. Therefore, when the natural zero point is generated through the converter blocking process, the DC fault is completely isolated through the RCB. Therefore, the FB-MMC system does not require a DCCB. As a result, a large limiting reactor is not necessarily required. The benefit of a limiting reactor, considering to its cost and size, is minimal. However, if the reactor is considered, the peak value of fault current will be reduced and time to reach the peak will increase. Due to its limited advantage, the limiting reactor can be left off in FB-MMC-based DC grids [21] .
The operation characteristics of the two types of systems and the need for a current-limiting reactor are reflected in the simulation. normal operation of the HCB, the load current flows through a nominal path that comprises of LCS and UFMD. When a DC fault is detected, the LCS opens immediately and the current is commutated to the MB. Then the UFMD opens within 2 ms and isolates the LCS from the faulted line. With the UFMD in an open position, the commutation path interrupts the fault current, and energy of the fault is absorbed by the arrestor bank. In this process, the DC current decreases quickly and can be cleared within a few milliseconds. Unlike AC circuit breakers (ACCBs), HVDC circuit breakers (CBs) must create a current zero and dissipate the energy stored in the DC network. Recently, industry and academia have extensively researched DCCBs to overcome various well-known limitations. Among the developed prototypes, HCBs, which can block a 9-kA fault current within 5 ms, are attracting attention as the most suitable circuit breakers for application in HVDC systems [22, 23] .
In this paper, we proposed an HCB due to its excellent interruption capability (large di/dt with large dv/dt) and small interruption times (<5 ms). In addition, a large current-limiting reactor was installed at the DC terminal of the MMC to assist the operation of the HCB. Figure 4b presents the structure of the HCB mentioned above. The HCB contains a load commutation switch (LCS), an ultrafast mechanical disconnector (UFMD), and a main breaker (MB). As shown in the operation characteristics of Figure 4c , the detection time of the fault current is assumed to be 6 µs. The converter is blocked within 0.5 ms after the detection of a fault. During the normal operation of the HCB, the load current flows through a nominal path that comprises of LCS and UFMD. When a DC fault is detected, the LCS opens immediately and the current is commutated to the MB. Then the UFMD opens within 2 ms and isolates the LCS from the faulted line. With the UFMD in an open position, the commutation path interrupts the fault current, and energy of the fault is absorbed by the arrestor bank. In this process, the DC current decreases quickly and can be cleared within a few milliseconds.
Case-2: Fault Management in an FB-MMC Using RCB
FB-MMCs are a superior alternative to HB-MMCs in terms of fault handling capability. As shown in Figure 5a , the rapid reverse of the DC voltage control of an FB-MMC can be typically provided within a few milliseconds; therefore, DCCB are not necessarily needed for protection.
reverse voltage to block the AC side currents. Since the converter has already interrupted the fault current, an RCB is sufficient to isolate the fault.
Also, unlike Case-1, the FB-MMC system does not require a DCCB. Figure 5b shows the fault handling mechanism in the FB-MMC system: detecting the fault, blocking the converter, and triggering the RCB to generate the natural current zero. Finally, if a reconnection is established by deblocking the converter and reclosing the RCB, system can be restored to the normal state. 
Interruption Performance of HB-vs FB-MMC DC Grids
Comparison of Fault Current Blocking Performance (Pole-to-Pole Fault)
Prior to the analysis of fault handling performance with protection devices, it is important to analyze the fault current blocking ability of the two types of MMCs. We simulated a pole-to-pole fault at 0.2 s on the DC side of the rectifier to consider the worst-case fault. Figure 6a shows that the peak current magnitude is about 30 kA for both topologies. In the case of the HB-MMC system, a fault current of about 5 kA is sustained due to the presence of freewheeling diodes.
However, in the case of the FB-MMC system, all IGBTs are blocked when a fault is detected, and a reverse voltage is generated, which forces the fault current to zero.
The DC side voltage during fault transient is shown in Figure 6b . In the case of the HB-MMC system, the voltage in the transient state suddenly reverses the polarity, and then approaches zero in about 20 ms. However, in the case of the FB-MMC system, the voltage oscillations are sustained on the DC side for about 15 ms. When the fault is detected, all IGBTs of the SMs are blocked, and the capacitors generate a reverse voltage to block the AC side currents. Since the converter has already interrupted the fault current, an RCB is sufficient to isolate the fault.
Also, unlike Case-1, the FB-MMC system does not require a DCCB. Figure 5b shows the fault handling mechanism in the FB-MMC system: detecting the fault, blocking the converter, and triggering the RCB to generate the natural current zero. Finally, if a reconnection is established by deblocking the converter and reclosing the RCB, system can be restored to the normal state.
Interruption Performance of HB-vs FB-MMC DC Grids
Comparison of Fault Current Blocking Performance (Pole-to-Pole Fault)
The DC side voltage during fault transient is shown in Figure 6b . In the case of the HB-MMC system, the voltage in the transient state suddenly reverses the polarity, and then approaches zero in about 20 ms. However, in the case of the FB-MMC system, the voltage oscillations are sustained on the DC side for about 15 ms. Appl 
Comparison of Fault Current Blocking Performance (Pole-to-Ground Fault)
In this section, we simulated a pole-to-ground fault at 0.2 s on the DC side of the rectifier to consider the worst-case fault. Figure 7a shows that the peak current magnitude is about 23.5 kA for both topologies. In the case of the HB-MMC system, the fault current of about 11.5 kA is sustained due to the presence of freewheeling diodes. However, in the case of the FB-MMC system, all IGBTs are blocked when a fault is detected, a reverse voltage is generated to block the fault current, and the fault current naturally approaches zero. The DC side voltage during the fault transient state is shown in Figure 7b . In both systems, voltage oscillations are sustained on the DC side. 
Comparison of Fault Interruption Performance
In this section, we compared the interruption performance of Case-1 and Case-2 according to the location of the occurrence of fault on the DC line. The peak magnitude of the fault current and interruption time are considered key parameters for evaluating the performance of the two cases.
For a pole-to-pole fault at 5 km from the rectifier, the peak magnitude of the fault current in Case-2 is 15.5 kA; it is only 3.5 kA in Case-1, as shown in Figure 8 . The lower peak fault current magnitude in Case-1 is due to the presence of the current-limiting reactor and the fast-operating HCB. 
Comparison of Fault Current Blocking Performance (Pole-to-Ground Fault)
Comparison of Fault Interruption Performance
For a pole-to-pole fault at 5 km from the rectifier, the peak magnitude of the fault current in Case-2 is 15.5 kA; it is only 3.5 kA in Case-1, as shown in Figure 8 . The lower peak fault current magnitude in Case-1 is due to the presence of the current-limiting reactor and the fast-operating HCB. The total interruption time as well as the peak fault current magnitude in the two cases is compared in Figure 9 .
It can be seen in Figure 9a that the interruption time in Case-1 does not change considerably with the variation in fault location. However, in Case-2 the interruption time increases considerably for faults farther away from the rectifier. The quick interruption in Case-1 can be attributed to the presence of the fast-acting HCB. However, the inherent blocking characteristics of the FB-MMC in Case-2 are dependent on the natural elimination of the fault current. Therefore, if the fault location moves away from the rectifier, the interruption time increases due to the increase in inductive and capacitive components of the transmission line. It can be seen in Figure 9a that for faults occurring beyond 8 km, Case-1 offers a smaller interruption time. Figure 9b shows that in both cases the peak magnitude of the fault current decreases upon increasing the distance of the fault from the rectifier. However, due to presence of an HCB in Case-1, the fault is interrupted before its natural peak and therefore the peak magnitude is quite low regardless of the fault location. However, in Case-2 the peak magnitude of the fault current is dependent on the inductive reactance of the line. Therefore, the peak magnitude is quite high for faults occurring on the converter terminal.
In conclusion, we found that Case-1 has a lower fault current magnitude and lower interruption time for most fault locations. The total interruption time as well as the peak fault current magnitude in the two cases is compared in Figure 9 . The total interruption time as well as the peak fault current magnitude in the two cases is compared in Figure 9 .
In conclusion, we found that Case-1 has a lower fault current magnitude and lower interruption time for most fault locations. It can be seen in Figure 9a that the interruption time in Case-1 does not change considerably with the variation in fault location. However, in Case-2 the interruption time increases considerably for faults farther away from the rectifier. The quick interruption in Case-1 can be attributed to the presence of the fast-acting HCB. However, the inherent blocking characteristics of the FB-MMC in Case-2 are dependent on the natural elimination of the fault current. Therefore, if the fault location moves away from the rectifier, the interruption time increases due to the increase in inductive and capacitive components of the transmission line. It can be seen in Figure 9a that for faults occurring beyond 8 km, Case-1 offers a smaller interruption time. Figure 9b shows that in both cases the peak magnitude of the fault current decreases upon increasing the distance of the fault from the rectifier. However, due to presence of an HCB in Case-1, the fault is interrupted before its natural peak and therefore the peak magnitude is quite low regardless of the fault location. However, in Case-2 the peak magnitude of the fault current is dependent on the inductive reactance of the line. Therefore, the peak magnitude is quite high for faults occurring on the converter terminal.
In conclusion, we found that Case-1 has a lower fault current magnitude and lower interruption time for most fault locations. Figure 10 shows the comparison of the energy dissipation of the circuit breaker according to the fault location.
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In Case-1, the circuit breaker must fully cope with the DC fault current, which has high di/dt. Therefore, we confirmed that the energy dissipation in the HCB is more than 0.32 MJ, even if the fault location is far away from the converter side.
In Case-2, the peak fault current is higher than that in Case-1 and the interruption time is also larger. Therefore, the energy dissipation in the RCB was found to be about 2 MJ when the fault occurs at 20 km. 
Transient Performance of the System in DC Faults
The occurrence of DC faults and their clearance introduce current and voltage transients on both the AC and DC sides of the power system. These transient events affect the power quality and can potentially deteriorate the power system components. In this section, an analysis of the transient response of the power system in two cases is presented.
Analysis of the Current and Voltage Transient of the AC and DC Sides Considering a Reclosing Operation
Since, most transmission line faults are temporary, a reclosing operation is considered for a complete analysis of fault transients. The power system transients were analyzed to determine the suitable grid topology for the two cases.
The pole-to-pole fault was simulated at 0.2 s at a distance of 5 km from the rectifier, and the converter was set to operate within 500 µ s after the detection of a fault. The circuit breaker attempts to clear the fault immediately after converter blocking. A delay of 0.2 s is introduced to allow for the deionization of fault location, following which the de-blocking of the converter and reclosing of the circuit breaker are initiated. Figure 11 shows the AC side current and voltage waveforms for Case-1. Figure 11a presents the AC side current graph. It shows that the peak current approaches 2 kA just after 0.2 s, i.e., before fault interruption. After 0.4 s, i.e., during reclosing, the AC current exceeds its steady-state value before reaching the steady state in 50 ms. A voltage transient with a peak of up to 90 kV can be observed during the reclosing operation, as shown in Figure 11b . In Case-1, the circuit breaker must fully cope with the DC fault current, which has high di/dt. Therefore, we confirmed that the energy dissipation in the HCB is more than 0.32 MJ, even if the fault location is far away from the converter side.
Transient Current and Voltage of the AC System
In Case-2, the peak fault current is higher than that in Case-1 and the interruption time is also larger. Therefore, the energy dissipation in the RCB was found to be about 2 MJ when the fault occurs at 20 km.
Transient Performance of the System in DC Faults
Analysis of the Current and Voltage Transient of the AC and DC Sides Considering a Reclosing Operation
The pole-to-pole fault was simulated at 0.2 s at a distance of 5 km from the rectifier, and the converter was set to operate within 500 µs after the detection of a fault. The circuit breaker attempts to clear the fault immediately after converter blocking. A delay of 0.2 s is introduced to allow for the deionization of fault location, following which the de-blocking of the converter and reclosing of the circuit breaker are initiated. Figure 11 shows the AC side current and voltage waveforms for Case-1. Figure 11a presents the AC side current graph. It shows that the peak current approaches 2 kA just after 0.2 s, i.e., before fault interruption. After 0.4 s, i.e., during reclosing, the AC current exceeds its steady-state value before reaching the steady state in 50 ms. A voltage transient with a peak of up to 90 kV can be observed during the reclosing operation, as shown in Figure 11b . Figure 12 shows the AC-side current and voltage waveforms for Case-2 during interruption and reclosing operations. It can be seen in Figure 12a that there is no current overshoot during fault inception due to the instant blocking of IGBTs. During reclosing, the maximum current does not exceed −1.02 kA, which is 0.4 kA higher than that of Case-1. Figure 12b shows that an overvoltage of 120 kV occurs during the converter blocking at the time of fault. An overvoltage of up to 100 kV occurs during the reclosing process, followed by a return to the steady state in 10 s.
Transient Current and Voltage of the AC System
As a result, although the magnitude of the current and the voltage are not much different on the AC side, the current magnitude in the reclosing and the overvoltage magnitude in the interruption process are relatively high, and the time to achieve the steady-state voltage after the reclosing process is very long. Therefore, Case-1 would have advantages in terms of the stability of the AC system and lower stress on the insulation. Figure 12 shows the AC-side current and voltage waveforms for Case-2 during interruption and reclosing operations. It can be seen in Figure 12a that there is no current overshoot during fault inception due to the instant blocking of IGBTs. During reclosing, the maximum current does not exceed −1.02 kA, which is 0.4 kA higher than that of Case-1. Figure 12 shows the AC-side current and voltage waveforms for Case-2 during interruption and reclosing operations. It can be seen in Figure 12a that there is no current overshoot during fault inception due to the instant blocking of IGBTs. During reclosing, the maximum current does not exceed −1.02 kA, which is 0.4 kA higher than that of Case-1. Figure 12b shows that an overvoltage of 120 kV occurs during the converter blocking at the time of fault. An overvoltage of up to 100 kV occurs during the reclosing process, followed by a return to the steady state in 10 s.
As a result, although the magnitude of the current and the voltage are not much different on the AC side, the current magnitude in the reclosing and the overvoltage magnitude in the interruption process are relatively high, and the time to achieve the steady-state voltage after the reclosing process is very long. Therefore, Case-1 would have advantages in terms of the stability of the AC system and lower stress on the insulation. Figure 12b shows that an overvoltage of 120 kV occurs during the converter blocking at the time of fault. An overvoltage of up to 100 kV occurs during the reclosing process, followed by a return to the steady state in 10 s.
As a result, although the magnitude of the current and the voltage are not much different on the AC side, the current magnitude in the reclosing and the overvoltage magnitude in the interruption process are relatively high, and the time to achieve the steady-state voltage after the reclosing process is very long. Therefore, Case-1 would have advantages in terms of the stability of the AC system and lower stress on the insulation. Figure 13a , in Case-1, the maximum fault current is limited to 3.3 kA due to the quick HCB operation.
In Case-2, however, due to the fault handling capability of the FB-MMC, it is confirmed that the fault current rapidly increases to about 15.5 kA and then rapidly decreases.
In the reclosing operation, Case-1 has a maximum fault current magnitude of 0.8 kA, and it is confirmed that it achieves a steady state in 100 ms. Case-2 showed high di/dt as well as the peak magnitude, which is about 2 kA-more than twice the value of that in Case-1.
Considering the insulation design of the system and device, Case-2 with a high current magnitude and high di/dt slope would be detrimental to the power system components.
The voltage waveform across the circuit breaker is presented in Figure 13b . In Case-1 and Case 2, the voltage across the circuit breaker increased suddenly after 0.2 s. In the reclosing process, the recovery voltage across the HCB decreases within 50 ms. In Case-2, however, due to the fault handling capability of the FB-MMC, it is confirmed that the fault current rapidly increases to about 15.5 kA and then rapidly decreases.
The voltage waveform across the circuit breaker is presented in Figure 13b . In Case-1 and Case 2, the voltage across the circuit breaker increased suddenly after 0.2 s. In the reclosing process, the recovery voltage across the HCB decreases within 50 ms.
The Transient Overvoltage Analysis During DC Faults
This section compares the overvoltage characteristics across the DC line as a result of DC faults in two cases.
The voltage across the converter in a pole-to-pole fault is presented in Figure 14 . In Case-1, the voltage dip is not large due to the presence of voltage across the circuit breaker during the fault. In addition, it was confirmed that the voltage in the normal state recovered to 160 kV within 100 ms after the peak overvoltage of 175 kV occurred during the reclosing operation. The voltage across the converter in a pole-to-pole fault is presented in Figure 14 . In Case-1, the voltage dip is not large due to the presence of voltage across the circuit breaker during the fault. In addition, it was confirmed that the voltage in the normal state recovered to 160 kV within 100 ms after the peak overvoltage of 175 kV occurred during the reclosing operation.
On the other hand, in Case-2, a reverse voltage was applied across the DC system due to the blocking operation of the FB-MMC to prevent the AC system from feeding in to the DC fault. In the case of reclosing, an overvoltage of 205 kV was obtained. In addition, the recovery time to a DC-rated voltage of 160 kV after reclosing was much longer than that of Case-1, and it was confirmed that the steady-state voltage was reached within 10 s, compared to 100 ms in Case-1. Figure 15a shows the overvoltage graph of Case-1, showing the maximum overvoltage of 90 kV during the reclosing process. However, in Case-2, a maximum overvoltage of 150 kV and a longer time to reach the steady state was observed, as shown in Figure 15b .
System components are expected to carry larger currents as well as bear higher overvoltage stress during fault transience in Case-2. On the other hand, in Case-2, a reverse voltage was applied across the DC system due to the blocking operation of the FB-MMC to prevent the AC system from feeding in to the DC fault. In the case of reclosing, an overvoltage of 205 kV was obtained. In addition, the recovery time to a DC-rated voltage of 160 kV after reclosing was much longer than that of Case-1, and it was confirmed that the steady-state voltage was reached within 10 s, compared to 100 ms in Case-1. Figure 15a shows the overvoltage graph of Case-1, showing the maximum overvoltage of 90 kV during the reclosing process. However, in Case-2, a maximum overvoltage of 150 kV and a longer time to reach the steady state was observed, as shown in Figure 15b . System components are expected to carry larger currents as well as bear higher overvoltage stress during fault transience in Case-2.
The Preferable Case for HVDC Grid Application
In this section, we evaluated the feasibility of applying two fault handling solutions to HVDC grids based on the simulation results. The summary of our analysis is presented in Table 2 . Although in Case-1 the HCB alone copes with a large DC fault current, the power system experienced lower overvoltage stress. However, considering the high energy dissipation in the HCB, a sophisticated insulation design is required. Table 2 shows that in Case-1, the fault current, overvoltage magnitude, and interruption time are low. Conversely, in Case-2, the abovementioned parameters are relatively high. Therefore, additional consideration for the insulation design is required to ensure the reliable long-term operation of the DC grid. Furthermore, the oscillating voltage in the transient state is expected to stress the overall system components. As a result, we conclude that Case-1 would be a better solution for HVDC grid application.
Conclusions
Two types of representative MMC systems along with an HCB or RCB have been investigated for the feasibility of application in an HVDC grid. The comparative studies have been conducted in terms of maximum fault current, total interruption time, and voltage characteristics of the grid during the transient period.
Although the HB-MMC with a DC circuit breaker has a disadvantage of stress on the HCB associated with the insulation design of the CB itself, it appears to be the likely candidate for application in future DC grids due to its low fault current, low interruption time, low overvoltage magnitude, and faster recovery. Furthermore, it is beneficial in terms of insulation design because it applies relatively low voltage stress to various power system components during the transient period. 
